Genomic heterogeneity has been shown to be associated with Klebsiella pneumoniae strains causing pyogenic liver abscesses (PLA) and metastatic infections. In order to explore the mechanism responsible for genomic heterogeneity in K. pneumoniae, we compared the complete genomic sequences of strains NTUH-K2044 and MGH78578. An ϳ76-kbp DNA fragment located adjacent to an asparagine (asn) tRNA gene was present in NTUH-K2044 but not in MGH78578. This fragment could be divided into three regions with different functions, and structurally it resembled a functional integrative and conjugative element (ICE), ICEEc1, in Escherichia coli. The 5 region of this fragment contained genes similar to a high-pathogenicity island (HPI) of Yersinia pestis and Yersinia pseudotuberculosis. The middle region was similar to part of a large plasmid in K. pneumoniae, and the 3 region contained genes responsible for DNA conjugative transfer. Therefore, this DNA fragment was designated ICEKp1. Precise excision and extrachromosomal circularization of ICEKp1 were detected in K. pneumoniae wild-type strain NTUH-K2044. ICEKp1 could integrate into the asn tRNA loci of the chromosome of another K. pneumoniae isolate. The prevalence of ICEKp1 was higher in PLA strains (38 of 42 strains) than in non-tissue-invasive strains (5 of 32 strains). Therefore, ICEKp1 may contribute to the transmission of the HPI and result in K. pneumoniae PLA infection-associated genomic heterogeneity.
Klebsiella pneumoniae, a gram-negative enteric bacterium, is a common pathogen that causes hospital-acquired urinary tract infections, septicemia, and pneumonia, as well as communityacquired pneumonia (1) . Recently, community-acquired pyogenic liver abscesses (PLA) caused by K. pneumoniae complicated with metastatic meningitis and endophthalmitis have been found globally (13, 15, 19, 21, 25, 27, 37) . Capsular serotypes have been reported to play a vital role in the pathogenicity of this organism (18, 20) . Using transposon mutagenesis, the magA virulence gene has been shown to be associated with mucoviscosity, resistance to serum, and phagocyte killing and virulence in mice (18) . Sequencing of the magA flanking region (ϳ25 kb) revealed a capsular polysaccharide synthesis (cps) region. The region containing magA has been shown to be responsible for capsular serotype K1 (17) . Genomic heterogeneity is also important in the virulence of K. pneumoniae (16, 29) . Therefore, both genomic heterogeneity and capsular serotypes play important roles in the pathogenesis of K. pneumoniae strains causing liver abscesses.
Horizontal gene transfer contributes substantially to genomic heterogeneity among bacteria. The exchange of DNA plays a critical role in the evolution of bacteria and facilitates the rapid adaptation of bacteria to environmental alterations (24) . Horizontal gene transfer is known to be mediated by three mechanisms: transformation, transduction, and conjugation. Pathogenicity islands (PAIs) are defined as 10-to 200-kb DNA fragments that contain gene clusters associated with virulence and are closely related to pathogenic strains. PAIs have GϩC contents that are different from the GϩC contents of the rest of the whole genome and mobile elements or insertion sequences. Therefore, PAIs are believed to be acquired by horizontal gene transfer. The acquisition of PAIs allows bacteria to grow in and colonize existing niches. However, the mechanism of transmission of PAIs has not been clearly demonstrated yet. Several conjugative and self-transmissible elements that integrate into the bacterial chromosome have been discovered recently (11, 12) . These elements had features of plasmids and phages; they could be transferred via conjugation (plasmidlike), and they could integrate into and replicate with the host chromosome (phagelike). Therefore, they were classified as integrative and conjugative elements (ICEs). Because the PAIs were proposed to be transmitted horizontally but no longer appear to be mobile, the progenitors of PAIs might be ICEs.
The high-pathogenicity island (HPI) of Yersinia species that carries the yersiniabactin siderophore system is essential for the virulence of Yersinia (7, 9, 10) . HPI is widely distributed in the family Enterobacteriaceae (4, 34, 36) , but its mechanism of transmission has not been demonstrated yet. In a recent study, a novel ICE (ICEEc1) of Escherichia coli strain ECOR31 was suggested to be a mobilizable progenitor of the HPI (35) .
To explore the mechanism of genomic heterogeneity in K. pneumoniae strains causing PLA, we compared the complete genome sequences of K. pneumoniae strains NTUH-K2044 and MGH78578. A putative ICE containing an HPI was identified in NTUH-K2044 but not in MGH78578, and it was designated ICEKp1. Self-transmission and chromosomal integration were demonstrated in this study.
MATERIALS AND METHODS
Bacterial strains and plasmids. Bacterial strains and plasmids used in this study are listed in Table 1 . The 74 clinical isolates were collected from National Taiwan University Hospital from 1997 to 2003 (18, 29) . Forty-two of these strains were PLA strains isolated from the blood of patients with PLA with or without meningitis or endophthalmitis complications, and 32 were non-tissue-invasive strains isolated from patients with sepsis but without PLA or other metastatic infections in any tissue. K. pneumoniae and E. coli were cultured in LB medium supplemented with appropriate antibiotics, including 50 g/ml kanamycin, 100 g/ml chloramphenicol, 100 g/ml streptomycin, and 1,000 g/ml rifampin.
Sequence analysis. The complete genome sequence of K. pneumoniae MGH78578 was determined at Washington University (http://genome.wustl.edu /projects/bacterial/kpneumoniae/). The complete genome sequence of K. pneumoniae NTUH-K2044 was determined by collaboration between National Taiwan University College of Medicine and Yangming University in Taiwan (http: //genome.nhri.org.tw/kp/index.php). Sequence analysis was performed with Sequencher software (Gene Codes, Wisconsin) and ClustalW (http://www.ebi.ac .uk/Tools/clustalw/index.html). Analysis of homology was performed by comparing sequences with the NCBI BLAST DNA and protein databases.
Construction of K. pneumoniae mutant strains. int, virB1, and mobB insertion mutants of K. pneumoniae NTUH-K2044 were constructed as previously described (17) . Primer pairs (Table 2) were designed to amplify partial regions containing the int (int-101F and int-490R), virB1 (virB1-60F and virB1-359R), and mobB (mobB-101F and mobB-500R) genes for mutant construction. The irp2 deletion mutant was constructed by replacing the irp2 gene with a kanamycin cassette as previously described (29) . The NTUH-K2044 rmpA mutant (mutant [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] was identified by inverse PCR and sequencing after screening for decreased mucoviscosity by a string test using a mutant library in a previous study (18) .
Construction of plasmid pACYC184-oriT. Sequences containing oriT (nucleotides 65013 to 66772 in the accession number AB298504 sequence after virB11 and before mobB) were amplified from K. pneumoniae NTUH-K2044 genomic DNA by PCR using primers oriT-F and oriT-R (Table 2 ) and cloned into the HincII site of plasmid pACYC184 (Table 1) .
Bacterial conjugation. Donors (1 ϫ 10 8 CFU) and recipients (1 ϫ 10 8 CFU) grown overnight in 2 ml of 10 mM MgSO 4 were mated on a 0.22-m membrane filter (Advantec, Tokyo, Japan). The membrane was then transferred to Columbia agar plates containing 5% sheep blood and incubated at 37°C overnight. Next, the bacteria were plated on an LB plate supplemented with appropriate antibiotics.
Southern blotting. Approximately 5-g portions of genomic DNA from various K. pneumoniae strains were digested by EcoRV and subjected to Southern hybridization according to manufacturer's instructions (Roche Molecular Biochemicals, Mannheim, Germany). Primers (asn-F and asn-R primers [ Table 2 ]) were designed to generate the digoxigenin-labeled asn tRNA gene probe by PCR. A digoxigenin-labeled int DNA probe was generated by PCR using primers int-101F and int-490R (Table 2) .
Nucleotide sequence accession number. The nucleotide sequence reported in this study has been deposited in the GenBank database under accession number AB298504.
RESULTS
Comparison of the complete genome sequences of K. pneumoniae strains. Comparison of the complete genome sequences of K. pneumoniae strains NTUH-K2044 and MGH78578 (Table 1) revealed an ϳ76-kb insertion (accession no. AB298504) in strain NTUH-K2044 (Fig. 1 ). This DNA fragment was located adjacent to an asparagine (asn) tRNA gene and was flanked by 17-bp direct repeats. The average GϩC content of the NTUH-K2044 whole genome was ϳ58%, while the GϩC content of this fragment was ϳ52%. These results suggested that this chromosomal fragment might have been acquired by horizontal transfer. Nucleotide sequence analysis of the 76-kb fragment divided it into three functional regions, and this chromosomal fragment was structurally similar to ICEEc1 of E. coli strain ECOR31 (35) . The 5Ј region was similar to the HPI of Yersinia pestis and Yersinia pseudotuberculosis, which is responsible for synthesis of the yersiniabactin siderophore and is closely related to bacterial virulence (7, 9, 10) . The production of yersiniabactin in NTUH-K2044 was demonstrated by cross-feeding assays which showed that culture supernatants of NTUH-K2044 promoted the growth of an indicator strain (Yersinia enterocolitica strain 5030) under iron-deficient conditions, whereas culture supernatants of the irp2 mutant did not (22) (data not shown). The middle region was similar to part of the large plasmid in K. pneumoniae. The 3Ј region resembled genes encoding both a functional mating pair formation system and a DNA-processing region for DNA mobilization in ICEEc1 (35) . Therefore, this chromosomal fragment was designated ICEKp1. Sequence analysis of the middle and 3 regions of ICEKp1. Forty open reading frames (ORFs) larger than 150 nucleotides were identified in the middle and 3Ј regions of ICEKp1 ( Fig. 2 and Table 3 ).
The middle region (ORF1 to ORF18) contained 12 ORFs (ORF5 to ORF16) that exhibited similarity to part of large plasmid pLVPK in K. pneumoniae strain CG43 (14) . The vagCvagD operon that was associated with virulence (32) and the iroN-iroB-iroC-iroD operon that was responsible for the uptake of a catecholate-type siderophore were also found (5, 6) . The function of IroN (the receptor of siderophore) in the middle region was proven by iroN transfer to E. coli strain H5058, which allowed bacteria to uptake salmochelin siderophores (33) (data not shown). A regulator of the mucoid phenotype (rmpA) was also identified in this region (30) . The ORFs located in the middle region were related to bacterial virulence, including iron acquisition and mucoviscosity.
The 3Ј region contained 22 ORFs (ORF19 to ORF40) that exhibited similarity to the genes responsible for conjugative transfer in ICEEc1 of E. coli strain ECOR31. Similar to ICEEc1 of E. coli strain ECOR31, this region also contained three functional distinct segments (segments 3Ј-1, 3Ј-2, and 3Ј-3). Segment 3Ј-1 (ORF19 to ORF31) contained nine ORFs (ORF19 to ORF27; virB1 to virB11) that were highly similar to region I of ICEEc1. These ORFs were all in the same orientation and might comprise an operon encoding a putative mating pair formation system. Segment 3Ј-2 contained three ORFs (ORF32 to ORF34) that were highly similar to region II of ICEEc1. ORF32 to ORF34 (similar to mobB, mobC, and the anti-restriction protein gene) were associated with mobilization of the conjugative plasmid. Unlike ICEEc1, a putative helicase gene (ORF17) was not found in this segment. A putative origin of transfer (oriT), which was located ϳ140 bp upstream of the mobB gene, was also identified. The sequences of oriT in ICEKp1 had five nucleotide substitutions compared with the sequences in ICEEc1 (Fig. 3A) . Like the oriT sequences of ICEEc1, two inverted repeats and one direct repeat were present in the sequences of ICEKp1. The putative duplicated nic site was also found in the second inverted repeat sequence. The ORFs in segment 3Ј-2 might encode the ability to process the oriT sequences and cleave the nic site for DNA mobilization. Segment 3Ј-3 contained six ORFs (ORF 35 to ORF40) that exhibited similarity to hypothetical genes found in Nitrobacter hamburgensis. The sequences in this segment were very different from those in ICEEc1.
Mating pair formation and DNA mobilization of ICEKp1. Five ORFs (int, irp2, rmpA, virB1, and mobB) were mutated to study the function of ICEKp1. Plasmid pACYC184 carrying cloned oriT (plasmid pACYC184-oriT) was used to analyze the DNA mobilization ability. K. pneumoniae wild-type strain NTUH-K2044 (donor) transformed with plasmid pACYC184 or pACYC184-oriT was mated with E. coli strain HB101 (recipient). Transconjugants were selected with streptomycin and chloramphenicol to monitor the transfer of plasmid pACYC184 to the recipient. K. pneumoniae wild-type strains could mediate mobilization of the pACYC184-oriT plasmid at a frequency of 4.8 ϫ 10 Ϫ6 but not mobilization of the pACYC184 plasmid (Ͻ1 ϫ 10
Ϫ8
). int, irp2, and rmpA mutant strains were able to transfer plasmid pACYC184-oriT (Fig. 3B) . virB1 and mobB mutants were not able to mobilize plasmid pACYC184-oriT (Ͻ1 ϫ 10
). These results indicated that ICEKp1 contains the virB1 and mobB genes responsible for DNA mobilization. Precise excision and extrachromosomal circularization of ICEKp1. Generation of circular extrachromosomal intermediates by recombination between the direct repeats at the left and right ICEKp1-chromosome junctions (attL and attR) was required for dissemination of ICEs (11, 12) . A nested PCR assay using primers outside attL and attR was used to detect whether an extrachromosomal circular ICEKp1 was formed (Table 2 and Fig. 4A ). Excision and extrachromosomal circularization of ICEKp1 in NTUH-K2044 were detected by PCR (Fig. 4B) . Sequencing of the PCR products which represented the extrachromosomal and chromosomal junctions confirmed the precise excision and recircularization of ICEKp1 in NTUH-K2044 (Fig. 4C) . The 17-bp direct repeat identical to the ICEEc1 sequence which was the attachment site (attO) for recombination was detected in the sequences of both extrachromosomal and chromosomal junctions. Formation of a circular extrachromosomal intermediate was not detected in the NTUH-K2044 int mutant (Fig. 4B) . Knockout of the other four genes (irp2, rmpA, virB1, and mobB) in ICEKp1 did not affect the recircularization (Fig. 4B) . Therefore, the int gene encoding the integrase which catalyzes the recombination reaction was shown to be essential for recircularization of ICEKp1.
Self-transmission of ICEKp1. After the circular extrachromosomal intermediate was detected, whether ICEKp1 in K. pneumoniae could be transmitted by conjugation was examined. ICEKp1-negative (ICEKp1 Ϫ ) K. pneumoniae strain N4252 was used to study the transmission of ICEKp1 between K. pneumoniae strains. An NTUH-K2044 rmpA mutant strain (donor) in which the mobilization of oriT and excision of ICEKp1 were not affected was mated with spontaneous rifampin-resistant K. pneumoniae mutant strain N4252 (recipient). Transconjugants were selected with rifampin and kanamycin to monitor the transfer of ICEKp1 to the recipient. The transfer of ICEKp1 to the recipient was confirmed by PCR The arrows in the diagram at the top indicate the simplified structure of ICEKp1, which contains three regions. K. pneumoniae wild-type strain NTUH-K2044 and mutant strains harboring plasmid pACYC184-oriT were mated with E. coli strain HB101. A plus sign indicates that the pACYC184-oriT plasmid was mobilized to the recipient. A minus sign indicates that mobilization of plasmid pACYC184-oriT did not occur. DR, direct repeat. (Fig. 5) . Donor strain NTUH-K2044 was positive for the magA, kfu, and all genes and ICEKp1. Recipient strain N4252 was negative for the magA and all genes and ICEKp1 but positive for the kfu gene (29) . The presence of the magA, kfu, and all genes, which were outside ICEKp1, in four randomly selected transconjugants was the same as that in recipient strain N4252. The genes in ICEKp1 (such as int, ybtU, iroN, virB1, and mobB) of the four transconjugants were found to be active for transfer. To further confirm that the transmission of ICEKp1 was recA independent, recA mutant E. coli strain HB101 was used as the recipient. rmpA mutant strain NTUH-K2044 (donor) was mated with E. coli strain HB101 (recipient). Transconjugants were selected with streptomycin and kanamycin and then confirmed by PCR (Fig. 5) . The absence of the magA, kfu, and all genes, which were outside ICEKp1, and the presence of genes in the ICEKp1 of four randomly selected transconjugants revealed that ICEKp1 was transferred to E. coli strain HB101. The frequencies of ICEKp1 transfer from K. pneumoniae strain NTUH-K2044 to K. pneumoniae strain N4252 or to E. coli strain HB101 were similar (ϳ4 ϫ 10 Ϫ6 ). In addition, NTUH-K2044 int, virB1, and mobB mutants all failed to transfer ICEKp1 to strain N4252 (Ͻ1 ϫ 10 Ϫ8 ). These results confirmed that ICEKp1 was transferred to the recipient and that the transfer of ICEKp1 was recA independent. int, virB1, and mobB located in ICEKp1 were essential for conjugative transfer of ICEKp1.
Integration site of ICEKp1. ICEKp1 was located adjacent to the asn tRNA gene. The sequences of the asn tRNA gene in K. pneumoniae were the same as those in E. coli, and the genes have the same attachment site (Fig. 6A ). An alignment of four asn tRNA genes of E. coli and K. pneumoniae strains NTUH-K2044 and MGH78578 is shown in Fig. 6A . Compared to K. pneumoniae strain NTUH-K2044, an inversion between the asn2 and asn4 tRNA genes was found in strain MGH78578. The insertion site of ICEKp1 in the four N4252 transconjugants was examined further. Primers flanking the four asn tRNA genes and primers derived from the left and right ends of ICEKp1 were designed to detect the insertion site of ICEKp1 (Table 2 and Fig. 6B ). If a 76-kb ICEKp1 sequence was inserted into an asn tRNA gene, primer pairs flanking the asn tRNA gene should not amplify the asn tRNA gene; however, the primers flanking the asn tRNA gene combined with primers at the left and right ends of ICEKp1 should detect the left and right junctions for insertion of ICEKp1. By contrast, if ICEKp1 was not inserted into an asn tRNA gene, the PCR for detecting the asn tRNA gene should remain positive, whereas the PCR for detecting the left and right junctions for the insertion of ICEKp1 should be negative. The PCR results showed that ICEKp1 was inserted into the asn4 and asn1 tRNA genes of transconjugants 1 and 2, respectively (Fig. 6B) . Two insertions in the asn4 and asn3 tRNA genes of transconjugant 3 were detected. The left junction of another insertion in transconjugant 3 was detected in the asn1 tRNA gene, whereas the right junction of this insertion was detected in the asn2 tRNA gene. This insertion might have resulted in a deletion between the asn1 and asn2 tRNA genes. In transconjugant 4, the left junction of the ICEKp1 insertion was detected in the asn2 tRNA gene, whereas the right junction was detected in the asn3 tRNA gene. Similar to what occurred in transconjugant 3, this insertion might have resulted in a deletion between the asn2 and asn3 tRNA genes. PCR to determine the genes in the predicted deletion regions in transconjugants 3 and 4 confirmed the occurrence of deletions during the insertion of ICEKp1 (data not shown). The integration site of ICEKp1 was also confirmed by Southern blotting by hybridization with asn tRNA and int gene probes (Fig. 6C) . The sizes of four asn tRNA gene fragments in strain N4252 were same as those in strain MGH78578. The asn4 tRNA gene fragment (7 kb) was replaced by a 2.5-kb fragment which corresponded to the fragment that encompassed the left border (int) of ICEKp1 in transconjugant 1. The asn1 tRNA gene fragment (2 kb) was replaced by a 2.3-kb fragment in transconjugant 2; therefore, the ICEKp1 of transconjugant 2 was inserted in the asn1 tRNA gene. In transconjugant 3, three ICEKp1 sequences were inserted in the asn1, asn4, and asn3 tRNA genes, and the asn2 tRNA gene fragment was not present. In transconjugant 4, ICEKp1 was inserted in the asn2 tRNA gene, and the asn4 and asn3 tRNA gene fragments were not present. The insertion sites of ICEKp1 in four transconjugants analyzed by PCR and Southern blotting were consistent. These results showed that ICEKp1 could integrate into all four of the asn tRNA gene loci present on the chromosome. There could be more than one ICEKp1 insertion into the chromosome, and insertion might result in a deletion between the asn tRNA genes.
Mobility of ICEKp1 in NTUH-K2044.
For the stock culture of strain NTUH-K2044 kept at room temperature, spontaneous loss of the entire ICEKp1 sequence was observed in 1 of 300 colonies (NTUH-K2044 ICEKp1 Ϫ ) (Fig. 7A) . PCR using primers flanking the four asn tRNA genes combined with primers derived from the left and right ends of ICEKp1 revealed that the ICEKp1 sequence in strain NTUH-K2044 was located adjacent to the asn3 tRNA gene, and precise excision of ICEKp1 was detected (Fig. 7A) . A Southern blot hybridized with asn tRNA and int gene probes revealed that the asn3 tRNA gene fragment (1.9 kb) was replaced by a 1-kb fragment corresponding to the fragment that encompasses the left border of ICEKp1 (Fig. 7B) . The results of PCR and Southern blotting confirmed that ICEKp1 of strain NTUH-K2044 was inserted into only the asn3 tRNA and did not mobilize to different asn tRNA loci.
Prevalence of ICEKp1in PLA and non-tissue-invasive K. pneumoniae strains. The prevalence of ICEKp1 in the 42 strains from patients with PLA and the 32 non-tissue-invasive strains was analyzed by PCR using primers for the fyuA (5Ј region), iroN (middle region), and virB1 (3Ј region) genes (Table 2 and Fig. 2) . Primers outside the middle region (HPI 3Ј-F and virB1-F inverse) and primers derived from the left (orf3-R) and right (orf16-F) parts of the middle region were also used (Table 2 and Fig. 2 ). Seven strains isolated from patients with PLA were positive for fyuA, iroN, and virB1. The presence of the middle region was confirmed by PCR using primers outside the middle region combined with primers derived from the left and right parts of the middle region. Thirtyone PLA strains and five non-tissue-invasive strains were positive for fyuA and virB1 but not for iroN. PCR using primers outside the middle region confirmed the absence of the middle region and the connection of the 5Ј and 3Ј regions in these strains. Therefore, these strains positive for fyuA and virB1 were suggested to contain ICEKp1 but not the middle region. Two non-tissue-invasive strains which were positive for fyuA but negative for iroN and virB1 were suggested to contain a small HPI. Therefore, the prevalence of ICEKp1 (with or without the middle region) in PLA strains (38 of 42 strains) was higher than the prevalence in the non-tissue-invasive strains (5 of 32 strains). Previous results indicated that 35 of 42 strains from patients with PLA were serotype K1 (magA ϩ ), whereas 1 of 32 non-tissue-invasive strains was serotype K1 (17) . All 36 serotype K1 strains contained this region. Moreover, the nine strains causing PLA with metastatic complications, such as meningitis or endophthalmitis, contained not only the magA, allS, and kfu/PTS (phosphotransferase) regions (29) but also the ICEKp1.
DISCUSSION
Genomic heterogeneity and capsular serotypes both play important roles in the pathogenesis of K. pneumoniae causing liver abscesses (16, 18, 29) . This study explored the mechanism of genomic heterogeneity by comparing the complete genome sequences of K. pneumoniae strains NTUH-K2044 and MGH78578. An approximately 76-kb DNA insertion adjacent to an asn tRNA gene was identified in K. pneumoniae strain NTUH-K2044. A novel ICEEc1 of E. coli strain ECOR31 was recently shown to encode a functional mating pair formation system and a DNA-processing system (35) . After induction of the integrase, the ICEEc1 was shown to excise precisely from the chromosome and recircularize. Based on the similarity of sequences and the genetic structure of ICEEc1, the insertion in K. pneumoniae strain NTUH-K2044 was suggested to be an ICE and was designated ICEKp1. Mobilization of oriT sequences by ICEKp1 and precise excision of ICEKp1 were demonstrated. Furthermore, transfer of ICEKp1 to another strain was directly demonstrated.
int in ICEKp1 was proven to be essential for excision and integration of ICEKp1. Recent studies showed that the HPI excision factor (Hef) and excisionase (Xis HPI ) of HPI were also required for the excision and integration of HPI (3, 28) . A hypothetical protein composed of 61 amino acids (nucleotides 34091 to 34276 of the accession number AB298504 sequence of ICEKp1) was identical to Hef in Y. pestis and Y. pseudotuberculosis and was considered to be a Hef homologue that might have similar functions. However, the actual function of this putative Hef protein encoded in ICEKp1 needs to be investigated further.
Based on a comparison of sequences with the NCBI BLAST DNA database, the genome of K. pneumoniae strain MGH78578 did not have sequences homologous to sequences in ICEKp1. Strain NTUH-K2044 did not have a homologue outside the ICEKp1 region either. Integration of ICEKp1 resulted from recombination of attO sequences present in asn tRNA loci of K. pneumoniae and not from recombination of other homologous sequences in ICEKp1. ICEKp1 contained the HPI (5Ј region) and segments (segments 3Ј-1 and 3Ј-2) for the formation of the conjugative apparatus and for DNA mobilization which were highly similar to those of ICEEc1. The middle region of ICEKp1, which exhibited similarity to part of large plasmid pLVPK in K. pneumoniae strain CG43, was absent in ICEEc1. There were similar 284-bp DNA sequences in the left (nucleotides 35579 to 35862 of the accession number AB298504 sequence) and right (nucleotides 54053 to 54336 of the accession number AB298504 sequence) parts of the middle region (Fig. 8) . The 284-bp DNA sequences were also found to be similar to nucleotides 193069 to 193352 of the pLVPK plasmid. The large plasmid of strain NTUH-K2044 also contained these 284-bp DNA sequences (data not shown). These 284-bp DNA sequences flanking the middle region and on the large plasmid might be repeat structures for integration of the middle region from the large plasmid. However, we did not obtain evidence that ICEKp1 is a larger progenitor of ICEEc1. Putative virulence genes, such as the vagC-vagD and iroN-iroBiroC-iroD operons and rmpA, were found in the middle region of ICEKp1 (5, 6, 30, 32) . However, the middle region of ICEKp1 was detected in only 7 of the 42 strains isolated from patients with PLA. The middle region of ICEKp1 was associated with iron acquisition and capsule regulation and could enhance virulence, but it seemed to be not essential for infection. Another difference between ICEKp1 and ICEEc1 was segment 3Ј-3. Region III of ICEEc1 contained genes either with low homology to chromosomal genes found in Vibrio cholerae or with no significant similarity to sequences in the GenBank database. Segment 3Ј-3 of ICEKp1 carried genes which exhibited similarity to the hypothetical genes found in N. hamburgensis. These results suggested that these two closely related ICEs might have become diverse during the evolution of bacteria.
The HPI of Yersinia species that carries the yersiniabactin siderophore system was essential for the virulence of bacteria (7, 9, 10) . The HPI is widely distributed in the family Enterobacteriaceae (4, 34, 36) , but the mechanism of HPI transfer remains unknown. A recent study suggested that a novel ICEEc1 of E. coli strain ECOR31 was a mobilizable progenitor of the HPI (35) . However, the HPI carried in the ICE was restricted to a single E. coli strain, and conjugative transfer of this ICE has not been demonstrated. Another study reported a possible mechanism of HPI dissemination based on site-specific recombination of the excised HPI with the attB-presenting RP4 conjugative shuttle plasmid (2) . The authors hypothesized that the general model for "trapping" the PAI on a conjugative plasmid bearing an attB site could also explain the dissemination of other PAIs. Here we report that an ICEKp1 carrying HPI was widely present in K. pneumoniae strains causing PLA. The conjugative transfer of ICEKp1 to another strain was directly demonstrated in our study, suggesting that it was responsible for the dissemination of HPI in K. pneumoniae.
After conjugative transfer of the excised extrachromosomal ICEKp1 circular form, the ICEKp1 could integrate into any of the four asn tRNA loci on the chromosome. As observed for the HPI of Y. pseudotuberculosis, the excised form could be found to be inserted in any of the three asn tRNA loci present on the chromosome (8) . However, ICEKp1 in strain NTUH-K2044 did not mobilize to another asn tRNA locus, and ICEKp1 was more often located adjacent to the asn3 tRNA gene in our strains (data not shown). PCR and Southern blot analysis of transconjugants revealed that more than one ICEKp1 could be inserted into the chromosome (such as transconjugant 3) and that the insertion might result in a deletion between the asn tRNA genes (such as transconjugants 3 and 4). These findings implied that the recombination during the integration of ICEs might also facilitate genetic diversity. Most ICEs are thought to be transferred as single-stranded DNA (11, 12) . ICEs would be nicked, and single strands of ICEs would be transferred to recipients. After replication, the donor and recipient would each contain a copy of the ICE. Therefore, a copy of ICEKp1 was thought to be present in the donor after conjugation. However, we frequently observed spontaneous loss of the entire ICEKp1 sequence in our strain. It was difficult to determine whether the donor strain lost or maintained the entire element in the chromosome during transfer of ICEKp1.
In a previous study, 18% of clinical K. pneumoniae isolates contained the HPI region (26) . ICEKp1 carrying HPI was present in many of our clinical K. pneumoniae isolates (58%). ICEKp1 was more prevalent in PLA strains than in non-tissueinvasive strains. The HPI and iroN-iroB-iroC-iroD operon responsible for iron acquisition may increase bacterial growth during infection (5-7). The rmpA gene has been shown to be involved in mucoviscosity, which plays an important role in the pathogenesis of bacteria (30) . The acquisition of ICEKp1 should contribute the pathogenesis of K. pneumoniae causing PLA. Serotype K1 has been shown to be the most common serotype in K. pneumoniae strains causing PLA (17, 20) . A previous pulsed-field gel electrophoresis typing study showed that all of our K1 strains had different clonal origins (13) . Our 36 serotype K1 strains all contained the ICEKp1 region. Moreover, the nine strains causing PLA with metastatic complications contained not only three virulence-associated regions (magA, allS, and kfu/PTS), as previously described (29), but also the ICEKp1 region. The clustering of virulence-associated regions in our strains might indicate that together these regions play an important role in the pathogenesis of this invasive K. pneumoniae infection.
